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Abstract 
The MEMS quartz gyroscope is composed by a tuning fork and the detection circuits. The tuning fork’s 
error noise of a quartz gyroscope will have significant influence on it’s performance. The mechanical 
coupling error noise still existed after design and processed, normally this kind of error noise can 
be reduced by some other methods such as laser trim, but the capacitor coupling error noise can’t be 
reduced by these methods. This paper introduces differences between error sources of a kind of z-axis 
quartz gyroscope and y-axis quartz gyroscope. The capacitor error noise of z-axis quartz gyroscope is 
larger than that of y-axis quartz gyroscope. According to characteristics of z-axis quartz gyroscope’s 
coupling error noise signal, the differential and phase compensation circuit is designed, which can 
effectively remove the influence of tuning fork’s error noise on the z-axis quartz gyroscope’s signal, and 
can effectively improve the z-axis quartz gyroscope’s performance. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction
Quartz gyroscope is a kind of MEMS gyroscope, it is widely used because it’s small volume, low cost
and high reliability. The principle of a vibrating gyroscope is well known. The structure and electrodes 
patterns of the typical Y-axis quartz gyroscope are shown in Figure 1 [1].This kind of quartz gyroscope 
has achieved great success, but the difficulty of making it is that the side electrode of pickup tines need to 
be coated separately, and that limits the accuracy and the yield of the gyroscope. It is relatively easy to 
product the Z-axis quartz gyroscope. We produced a kind of z-axis quartz gyroscope. It’s structure 
and electrodes are shown in Figure 2.  Figure 3 shows the simulation results of drive mode and sense 
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mode of the gyroscope using by the ANSYS software. For the Z-axis quartz gyroscope, drive electrodes 
and pickup electrodes have the same manufacturing process, which is simple and helpful to improve the 
yield. Through analysis and practical tests, the sensitivity of this kind of Z-axis quartz gyroscope is 
 
                     
Fig. 1. (a) structure of y-axis gyroscope               (b)  electrode of y-axis quartz gyroscope  
                               
Fig. 2. (a) structure of z-axis gyroscope               (b)  electrode of z-axis quartz gyroscope  
                                          
Fig. 3. (a)  drive modal                                                           (b)   sense modal 
 
similar to the y-axis quartz gyroscope. But the Z-axis quartz gyroscope still has some shortages, such as 
the capacitor coupling cannot be avoided easily. After simulation and testing, we can find the capacitor 
coupling is significantly larger than that of the y-axis quartz gyroscope[2]. For this reason, the normal 
pickup circuit can’t get  good result for the z-axis gyroscope. This paper discusses a kind of 
differential pickup circuit to reduce z-axis quartz gyroscope capacitor coupling error noise and gives the 
detailed analysis of the principle and experiment result .This method can improve the z-axis gyroscope’s 
performance by the analog circuit and can be used in the digital demodulation circuit.  
2. Noise analysis 
The quartz gyroscope’s output signal can be expressed as [3]: 
( ) ( ) ( ) ( ) ( )O s T cV t v t v t v t n t= + + + +                                                                            (1) 
VO(t)is  the total output signal of the quartz gyroscope ,VS(t) is steady-state signal caused by the coriolis 
force, VT(t)is the transient output signal, VC(t)is the coupling  error noise signal, , and n (t) is a variety of 
noise . The error sources of quartz gyroscope are mainly composed by capacitor coupling error, 
mechanical coupling error and driving force coupling error [4-6].The capacitor coupling error is produced 
by the capacitance distributed between drive electrode and pickup electrode. Driving signal may be 
coupled  to the pickup tuning tines by the distributed capacitance. The output signal  Vcouple(t) amplified 
by the charger amplifier is shown in the formula(1),  Ccouple is the distributed capacitance ,Cf is the 
1001Lihui Feng et al. / Procedia Engineering 15 (2011) 999 – 1003 Author name / Procedia Engineering 00 (2011) 000–000 3 
) 
( ) ( )1 0 2 0 1sin cos cos ( )o s T d d d dV V V V t V t n tη ω δ η ω+ = + + + +
feedback pacitance,Vd0cos(ωdt) is the driving signal. This is a approximate result thinking of the feedback 
resistor is very large:     
                                                                                                                             
0( ) cos( )couplecouple d d
f
CV t V tC ω≈ − (2
After amplified through the charge amplifier, the signal coupled by distributed capacitance has same 
waveform and inverse phase with the driving signal. Mechanical coupling error include the inherent 
coupling and the coupling caused by asymmetry of processing, and the anisotropy of quartz’s 
piezoelectric constant. The elastic compliance coefficient also can lead to mechanical coupling between 
drive mode and sense mode . The coupling caused by asymmetry of processing can be reduced by laser 
trim or other methods [7]. Asymmetric coupling error of driving force is caused by the asymmetric of 
electrodes processing. The result superimposed by the phase change of those two coupling noise  depends 
on coefficients of damping coupling and stiffness coupling and the Asymmetric of driving force, and the 
phase deviation of  coupling error  with the driving signal can be different through adjustment. 
We have designed the conventional  quartz gyroscope driving and pickup circuit that can detect y-axis 
quartz gyroscope successfully, and achieve good performance, while it is  applied in the z-axis gyroscope 
showing following rules: (1) The stability of the driving amplitude , driving frequency, and the sensitivity 
of the z-axis quartz gyroscope are almost the same with those of the y-axis corresponding gyroscope .(2) 
after correlation demodulation, DC component will exist because the capacitor noise which is the same 
frequency and in-phase with the reference signal  of the z-axis tuning fork, thus it will affect the dynamic 
range. (3) the bias stability of z-axis is worse than that of y-axis  gyroscope. The capacitor coupling error 
can’t be reduced is the main reason for the poor performance. Therefore for the z-axis quartz gyroscope, 
further elimination of capacitor coupling error noise in circuit is very important.  
3. Noise removal principle and design of the differential pickup circuit. 
3.1 Noise removal principle 
From the above analysis we can see that steady-state output signal contains information of necessary 
angular velocity due to the Coriolis force, but the signal is very weak and covered by other noise. After 
further analysis of the noise, it’s may be found that for the positive and negative electrode of tuning fork, 
capacitor coupling error is a common mode signal showing almost the same frequency and phase with 
driving signal, but mechanical coupling and asymmetric coupling of driving force are differential mode 
signals showing different phase.  
In the signals output through two pickup tines, useful signal was in differential mode state , capacitor 
coupling error signal was in common-mode state and nearly in-phase with driving signal, and mechanical 
coupling error signal and the error signal of asymmetric coupling caused by driving force was on 
differential mode. Therefore, the method of removing capacitor coupling from circuit focuses on 
differentially amplifying signals at both pickup tines using differential signal amplifier. The output signal 
at positive detection electrode is :   
                                  (3) 
η1Vd0sin(ωdt) is the output signal of differential amplifier about the superimposing of the mechanical 
coupling error and driving force error ,η2Vd0cos(ωdt) is the output signal of differential amplifier about  
the capacitor coupling error . Whereinη1,η2is the coupling coefficient and δ is the phase deviation angle 
with the quadrature signal of the phase of driving signal . Thus the output signal at negative detection 
electrode is : 
1002  Lihui Feng et al. / Procedia Engineering 15 (2011) 999 – 10034 Lihui Feng ，et al/ Procedia Engineering 00 (2011) 000–000 
)t
)
( ) ( )1 0 2 0 2( ) ( ) ( sin cos ) cos (o s T d d d dV V V V t V t nη ω δ η ω− = − + − + − + +                 (4) 
Through a differential amplifier the output signal is  
( )1 02 2 2 sin coso s T d dV V V V tη ω= + + 3 (n tδ +                                                             (5) 
Then through correlation detection and filter circuit that signal can effectively eliminate the transient 
signal and the coupling error signal. The key point of circuit design is the choose of differential amplifier 
and phase compensation . To select the differential amplifier, the following factors should be considered: 
working voltage, driving voltage amplitude, common mode rejection ratio, gain range,  offset voltage, 
voltage amplitude, etc. Another key point is the phase compensation design. Figure 4 shows the circuits 
that include differential amplifier unit ,phase compensation unit and correlation detection unit. 
3.2 Analysis of the phase relationship on gyroscope’s performance. 
In order to achieve the purpose of phase compensation, that is to make: 
8 4
7 3
At the same time, controlling magnification of compensation circuit is constraints of compensation 
circuit, and magnification of phase compensation circuit is: 
1180 tan arctano arc R CR C ω δω+ − =
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Through the differential circuit, the remaining signal will change the phase by phase compensation. 
Through calculation and test, after phase compensation , the phase between the output signal and the 
reference signal is less than 1 °,Thus this remaining noise can be reduced by correlation detection.  
Therefore all the noise of the tuning fork can be reduced by circuit, and  the  gyroscope’s bias stability  
increase clearly. However, phase deviation angle  may be change with the damping of the gyroscope 
with different environment and packaging, and through phase compensation, the correlation detection 
may cause the sensitivity reduced . But the phase deviation angle is normally not large, and the sensitivity 
can also be  amplified by circuits. 
δ
 
 
Fig. 4.    pickup circuit 
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Fig. 5. (a)  Output signal of the pickup  pickup electorde circuit fig. 
5.(b)Output signal from differential  amplifier     5.( c). Output signal from multiplier 
We test a z-axis  gyroscope with the designed circuit. In figure5.a,U1 showed in blue is the output of 
pickup positive electrode, and u2 showed in pink is the output of pickup negative electrode. After 
differential amplifier ,the output signal can be turned into basic sinusoidal signal, and capacitor coupling 
signal can be filtered fully as showed in figure5.b. And sinusoidal signal was adjusted to orthogonal 
signal, which can be removed completely through correlation demodulation. Therefore, through 
modulation the signal can be filtered perfectly. Finally, the output signal from multiplier can be obtained, 
as shown in figure 5.c.The DC component of the signal is almost zero. Therefore, we can use circuit to 
filter noise. After overall testing, short-term bias stability can be improved from the original 0.021 ° / s up 
to 0.007 ° / s. 
4. Summary 
Differential amplifier designed for capacitor coupling of the tuning fork, by differential detection can 
effectively remove the noise affect. But as the temperature changes, it will be found that the phase 
matching angle prone to deviate, the last full-temperature performance of gyro is not good as that of the 
y-axis quartz gyroscope, which make up for this in the analog circuit is very difficult. Even so, there is 
electrostatic coupling of watch movements in the whole temperature range performance has greatly 
improved. In addition, we designed the follow-up digital demodulation circuit, this method also can learn, 
and bring the temperature drift will be greatly improved. 
References 
[1] Frank Wang , Marc Smith, VIBRATION ANALYSIS AND CONTROL OF THE QUARTZ RATE SENSOR. Proceedings 
of IMECE04,2004 ASME International Mechanical Engineering Congress and ExpositionNovember 13-20, 2004, Anaheim, 
California USA  
 [2] LIAO Xing�cai; SUN Yu�nan; TANG Qiong; CUI Fang ,Finite Element Analysis of the Electrical Parameters of Micro 
Quartz Tuning Fork. Journal of Beijing Institute of Technology  2003,8,23(4):469-47,BeiJing 
[3] WANG Ying,  SUN Yu-nan,  QIN Bing-kun,  CUI Fang. Extraction of Angular Rate Signal for Micro Quartz Tuning Fork 
Gyroscopes Transactions of Beijing Institute of Technology  Vol.23  No.2 
[4] JIN Xiao-feng*,TAO Jin,ZOUJiang-bo, The Analysis of the Error Sources of the Quartz Tuning Fork Gyroscope. CHINESE 
JOURNAL OF SENSORS AND ACTUATORS Vol.21 No.2 
[5] Marc S. Weinberg, Error Sources in In-Plane Silicon Tuning-Fork MEMS Gyroscopes [J]. Microelectromechanical         
Systems,June. 2006,15(3):479-491. 
[6] Stefan Günthner, Compensation of Parasitic Effects for a Sili-con Tuning Fork Gyroscope[J]. IEEE Sensors Journal, June 
2006,6(3):1411-141 
[7 ] Veiko V P. Laser-assisted microshaping[C]//Proc. SPIE: Laser-Assisted Microtechnol. St. Petersburg-Pushkin, Russia. Aug 
2000, Vol. 4157. 93-104 
